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Abstract

The thresholds for mathematical epidemiology models specify the critical conditions for an epidemic to
grow or die out. The reproductive number can provide significant insight into the transmission dynamics of
a disease and can guide strategies to control its spread. We define the mean number of contacts, the mean
duration of infection, and the mean transmission probability appropriately for certain epidemiological
models, and construct a simplified formulation of the reproductive number as the product of these
quantities. When the spread of the epidemic depends strongly upon the heterogeneity of the populations,
the epidemiological models must account for this heterogeneity, and the expressions for the reproductive
number become correspondingly more complex. We formulate several models with different heterogeneous
structures and demonstrate how to define the mean quantities for an explicit expression for the reproductive
number. In complex heterogeneous models, it seems necessary to define the reproductive number for each
structured subgroup or cohort and then use the average of these reproductive numbers weighted by their
heterogeneity to estimate the reproductive number for the total population. © 2000 Elsevier Science Inc.
All rights reserved.
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1. Introduction

One of the fundamental questions of mathematical epidemiology is to find threshold conditions
that determine whether an infectious disease will spread in a susceptible population when the
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disease is introduced into the population. The threshold conditions are characterized by the so-
called reproductive number, the reproduction number, the reproductive ratio, basic reproductive
value, basic reproductive rate, or contact number, commonly denoted by R, in mathematical
epidemiology [5,10,17,19-21,23,29,35,39,43]. The concept of Ry, introduced by Ross in 1909 [39],
is defined in epidemiological modeling such that if Ry < 1, the modeled disease dies out, and if
Ry > 1, the disease spreads in the population.

There have been intensive studies in the literature to calculate R, for a wide class of epidemi-
ological models of infectious diseases [6,8,9,12,17,18,25,26,28,30,32-34,41]. In mathematical
models, the reproductive number is determined by the spectral radius of the next-generation
operator in continuous models and, in particular, is determined by the dominant eigenvalue of the
Jacobian matrix at the infection-free equilibrium for models in a finite-dimensional space
[8,9,24,27]. It can also be obtained, in certain models, by suitable Lyapunov functions [28,41].

The biological meaning of the reproductive number is the average number of secondary cases
produced by one infected individual during the infected individual’s entire infectious period when
the disease is first introduced. Let r be the average number of contacts per unit of time per in-
dividual,  be the probability of transmitting the infection per contact, and 7 be the mean duration
of the infectious period. Then the reproductive number can be estimated by the following intuitive
formula:

Ry = rfr. (1.1)

This formula can give insight into the transmission dynamics of infectious diseases for various
relatively simple epidemiological models [3-5,7,40].

For simple homogeneous models, it is easy to define r, 5, and 7. For example, consider a simple
homogeneous AIDS model governed by the following system of ordinary differential equations:

% = u(8° = S(1)) — A()S(2),

‘si — A(0S() — (u+ (D),
dA
vrin vI(t) — 0A(¢),

where S, I, and 4 denote the individuals susceptible to infection, the infected individuals, and the
AIDS cases, respectively; uS? is the input flow into the susceptible group; u the removal rate; v the
rate of contracting AIDS; 6 the removal rate due to the death from AIDS or other reasons; and A
is the rate of infection given by

1(1)

A0 = b Ty
Here, f is the transmission probability per contact and r is the average number of contacts per
individual per unit of time. We assume here that transmission by the AIDS cases is neglected. To
focus our attention on the issues we will address, we assume, for simplicity, that the mixing is
proportional for this model and other models in this paper.

The system has the infection-free equilibrium (S°,0). The stability of (S° 0) determines the
reproductive number as
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rp
L+
Formula (1. 1) then holds when we define the duration of infection as % 1 /(1 +v). (We will use
the symbol ! to indicate that the equation is the definition of a quantity.)

However, as more heterogeneous structures or subgroups for the infected population are in-
cluded in an epidemiological model, the calculation of Ry becomes more complicated, and it is
difficult to find an explicit formula for Ry. Even when an explicit formula can be obtained, it is not
always clear whether it is appropriate to define a mean contact rate, a mean duration of infection,
and a mean transmission probability so that the reproductive number can still be estimated by
formula (1.1). Furthermore, even if it can be claimed that such an estimate is adequate, a deep
understanding of the model is absolutely necessary so that those means can be well defined.

Moreover, for models of the diseases for which differentiation of the contact rates or the
partner acquisition rates must be addressed, such as sexually transmitted disease (STD) models,
not only the mean but also the second moment or the variance about the mean must be taken into
account. Then, formula (1.1) can no longer be applied. For certain simple models, a more accurate
formula for the reproductive number is

Ry = <r+ )ﬁr (1.2)

where 7 is the mean number of contacts per individual and ¢ is the variance or standard deviation
of the mean number of contacts [1-3,5,8,28,36].

Formula (1.2) is an effective formulation for providing insight into the transmission dynamics
of diseases. Unfortunately, as more heterogeneities are considered, it becomes impracticable to
define the variance or the standard deviation, and expression (1.2) becomes inadequate.

For risk-group models, Hethcote and Yorke [23] first introduced and Jacquez et al. [28,29]
specified the idea of defining a mean reproductive number as the average number of infected
individuals generated per infected individual over the duration of the infected state. They defined
a reproductive number for each subgroup and then express the mean reproductive number as a
weighted mean of those group reproductive numbers.

In this paper, we use the models in [26] as a basis and formulate new heterogeneous models to
demonstrate how different cases can be treated so that an appropriate reproductive number can be
estimated. We show that for models with no risk structure, that is, the models with a homoge-
neous susceptible population in the contact rates, it is still possible to define the mean quantities
and to apply formula (1.1). We show, however, for susceptible populations with heterogeneous
structure such as risk structure and age structure, it is more appropriate to define a reproductive
number for each subgroup or each cohort and then express the reproductive number for the whole
population as the weighted average of those reproductive numbers for the subgroups or cohorts.

Ry =

2. Models without risk structure

We first consider the models in which the risk level is assumed to be uniform for all the sus-
ceptible individuals. The susceptible population may still be divided into subgroups, but they are
not based on the risk level, that is, the number of partners, or the number of contacts.
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2.1. Differential infectivity models

There is evidence that HIV serum and plasma levels or individual variations affect trans-
mission, that infected individuals have different levels of virus after the acute phase, and that
those with high levels progress to AIDS more rapidly than those with low levels in clinical
studies. As a result, a hypothesis that some individuals are highly infectious over long periods
of time and a new model that accounts only for differences between infected individuals, re-
ferred to as a differential infectivity (DI) HIV model, were proposed in [26]. In that DI model,
it is assumed that individuals enter a specific group when they become infected and stay in that
group until they are no longer involved in transmitting the disease. Their infectivity and
progression rates to AIDS are assumed to depend upon which group they are in; the sus-
ceptible population is assumed to be homogeneous; and variations in susceptibility, risk be-
havior, and many other factors associated with the dynamics of the spread of HIV are
neglected. In this section, we use the simple DI model formulated in [26] and generalize it to a
model in which the risk level of infected individuals depends on the group to which they be-
long. We demonstrate how a mean number of contacts, a mean transmission probability, and a
mean duration of infection can be defined so that formula (1.1) can be used to obtain the
reproductive number.

The following DI model with homogeneous contact rate was formulated for HIV transmission
in [26]

ds
— =u(S"—S) -8
o = M ) — 4S8,
dr;
d—;zp,iS—(‘u—l—V,)[l, l:17,}’l, (21)
d4 -
— = E vl — 0A,
dl = J7J
where the infected population is subdivided into n subgroups, 1,1, ...,1,. Upon infection, an

individual enters subgroup i with probability p; and stays in this group until becoming inactive in
transmission, where > ), p; = 1. The variable 4 denotes the group of individuals removed from
the population due to end stage disease or behavioral changes. Individuals in 4 are assumed to die
at a rate 0 = u. The rate v; of leaving the infected population because of behavioral changes in-
duced by either HIV-related illnesses or testing positive for HIV (presumably changing behavior
so as not to transmit infection) depends on the subgroups.

The rate of infection 4 depends on the transmission probability per contact of individuals in
subgroup i, f3,, the proportion of individuals in the subgroup, /;/N, and the number of contacts of
an individual per unit of time r, so that

0 =Y h

where N(¢) = S(t) + >, I;(1).
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The reproductive number for this model is

- pib;

R():I" .
—1 :u“_’_vi

By defining the mean duration of infectiousness for infected individuals and the mean proba-
bility of transmission as
7 def —~ D 7 def l —~ pib;
—1 ,u—i_vi, fiil H"‘Vi’

respectively, the reproductive number can be expressed as the product of the number of contacts
and these two means

Ro == I"B’f.

Now we generalize the DI model (2.1) by assuming that the number of contacts per individual
per unit of time depends on the subgroups, because people may change their behavior according
to how ill they are. Let ; be the average number of contacts per individual per unit of time in
subgroup i. Then the rate of infection is generalized to

1)
gﬁrs OESSAYTION

1

where r is the contact rate of the susceptible individuals and r; is the contact rate of infected
individuals in subgroup. We refer to model (2.1) with the generalized infection rate as a general DI
model.

Similarly as in [26], a simple stability analysis for the infection-free equilibrium gives the re-
productive number for the general DI model as

piriB;

Ry = .
° —1 ,U"‘V[

The mean duration of infectiousness for infected individuals in this general DI model is the same
as for model (2.1).

Since r;/(u + v;) is the average number of contacts per individual in group i made during the
whole infection period, the total average number of contacts per infected individual during the
whole infection period is

total def - PiTi
o= _
—1 n + Vi
and hence the mean number of contacts per infected individual per unit time for the general DI

model, denoted by 7, is

total

_def 7 o Dili
"= __Z,u—i-v,

The total transmission probability through all contacts with infected individuals in subgroup i
during the entire time period when they are infected is
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ﬁtotal def Biri
l K+ Vi

Hence, the mean probability per contact per unit of time for the general DI model, denoted by f,
is

*d_ef n p[ﬂ;oml _ 1 pﬂ”,‘ﬂi
ﬁ_; T _ff;wrv,-'
Therefore,

Ry = 7pT.
2.2. The staged progression models

A common mathematical model for the spread of AIDS assumes that infected individuals pass
through several stages, being highly infectious in the first few weeks after becoming infected, then
having low infectivity for many years, and finally becoming gradually more infectious as their
immune systems break down, and they progress to AIDS, with the rates of progression to AIDS
being also very low in the first few years after infection. Based on this hypothesis, epidemiological
models that we refer to as staged progression (SP) models have been studied by many researchers
(see the references in [26]).

2.2.1. The general discrete SP model

The following SP model with a homogeneous contact rate is studied in [26]. It assumes that the
susceptible population is homogeneous and is maintained by the same type of inflow. It assumes
that the population of infected individuals is subdivided into subgroups /i, 5, . . . , I, with different
infection stages such that infected susceptible individuals enter the first subgroup /; and then
gradually progress from this subgroup to subgroup /,. Let y, be the average rate of progression
from subgroup i to subgroup i+ 1, fori=1,...,n— 1, and let y, be the rate at which infected
individuals in subgroup /, become sexually inactive or no longer infectious due to end-stage
disease or behavioral changes. The dynamics of the transmission are governed by the following
system:

s

— =u(S*—8)—iS

5 = M ) — 48,

dr/

d_;:is_(yl—i_:u)]la

dZ; ,

Th Viedion— (), 2<i<n, (2.2)
d4

AT, — 64,

dr Vn

where the infection rate /4 is given by
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n [
L=rY Bt (2.3)
2

Here, r is the average number of contacts per individual per unit time, f; the transmission
probability per contact with an individual in subgroup i, 6 > u the removal rate of individuals in
group 4,and N =S+ >, I. Notice again that the transmission by the A group is neglected just
as it was in model (2.1).

The reproductive number for model (2.2) with (2.3) is defined by

—~ P
Ry=r _
; Kt

where

5

M + v
The mean duration of infection is defined by
_def O qi
T= ,
—1 u + ’yi

and the mean probability of transmission per partner from an infected individual during the
course of infection is defined by

7 def B:qi
=3 Z L

Then, the reproductive number is again expressed as
Ry = 7f7.

(See [26] for details.)

Instead of assuming that the all infected individuals have the same contact rate, we now assume
that infected individuals with different stages may have different rates of contacts because of
possible changes in behavior. Then the infection rate is given by

A=r 2.4

Z s>t S+ Z] 17 24)

Here, r is the average number of contacts per susceptible individual per unit of time, r; the average

number of contacts per infected individual with stage i per unit of time, f; the transmission

probability per contact with an infected individual in subgroup i, and J is the removal rate of
individuals in group A.

The reproductive number for the general SP model given by (2.2) and (2.4) can be defined as

. riﬁi%'
Ry = —_—.
; HAY;

The mean duration of infection for this model is the same as that for the SP model (2.2) with (2.3).
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The term r;q; /(1 + 7;) is the number of contacts per infected individual during the individual’s
infection period in subgroup i. Then the total number of contacts that an infected individual
makes during all of the individual’s infection period is

n
E riqi dﬁfrlotal
i=1 u -+ yi

Hence, the average number of contacts per infected individual per unit of time is

def rtotal
V=

— )

T
so that 7ol &z,

The transmission probability through all contacts with an infected individual in subgroup i is
Biriqi/ (1t + 7;). Then the total transmission probability from all contacts with an infected indi-
vidual during the individual’s entire infection period, denoted by ', can be defined as

n

ﬁmtald:ef Z ﬂjri%
i=1 u + Vi

Hence, the average transmission probability per contact is

*d:ef ﬁtota] B i i ﬁiri%‘
= rE

potal — pE
and the reproductive number can be expressed as
Ry = 7.

2.2.2. The continuous SP model

In this section, we consider a simple SIR (susceptible-infected—removed) STD model with
continuous infection stages (see [25,42] for further references). Let u be the infection age, and
denote the distribution functions of susceptible, infected, and removed individuals by S(¢), 1(z, u),
and R(¢), respectively. We again neglect the transmission by the group of removed individuals,
assuming that they are a small portion of the infected population and that they are less active in
transmitting the disease. We also neglect migration between populations and assume that the only
recruitment into the population is a constant inflow of susceptible individuals and that all infected
individuals are infectious and will eventually be removed.

Under these assumptions, the dynamics of the population are governed by the following system
of equations and associated boundary conditions:

s

i u(S” = 8) — A(1)S,
ol oI

EJF@—_ —(u+y(u))l,



J.M. Hyman, J. Li | Mathematical Biosciences 167 (2000) 65-86 73

1(0,u) = ¥Y(u), (2.5)
((11—1: = —0R+ /0 y(s)I(t,u)du,

where u is the attrition rate caused by natural death or movement out of the sexually active
population, Z the infection rate, uS° the rate at which individuals migrate into the population, y
the removal rate of infected individuals, 6 the death rate of individuals in the removed group, and
¥ is the initial distribution of the infected population.

We consider the infection rate that can be represented as

- o0 I(t,u)
) = r(O)/O plu)r(u) r(0)S(¢) + j:)oo r(v)I(¢,v)dv au

Here we assume that the individuals at different infection ages have different activity levels such
that »(u) is the number of contacts that an infected individual with infection age u has, »(0) the
number of contacts that a susceptible individual has, and f(u) is the probability that an infected
partner with infection age u will infect a susceptible partner.

By linearizing S(¢) and I(¢,u) about (S°,0) and assuming the solutions initially change expo-
nentially, a characteristic equation can be obtained. Analyzing the characteristic equation to
locate the eigenvalues of the equation in the left-half complex plane yields the following formula
for the reproductive number for the model governed by (2.5) and (2.6):

Ro = /0 " (w)B) eXp{ - <uu + /0 ") dw) }du. (2.7)

(Details of the derivation of formula (2.7) can be found in Appendix A.)
It is similar to the discrete SP models that the mean duration of infection is

4 /Om exp{ _ <,uu + /Ouy(w)dw> }du,

the total contact rate is

protal &&f /0 N r(u) exp{ - <,uu + /O uy(w) dw> }du,

the mean number of contacts is

total 00 u
P i / r(u) exp{ - (,uu +/ p(w) dw) }du,
T T Jo 0

the total transmission probability is

poE /Ox r(u) f(u) exp{ - <W + /Ou 7(w) dW> }d%

and then the mean probability of transmission is

total 00 u
P = [ roswexn{ = (s [“ro0aw) fau
0 0

rT

(2.6)
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Therefore, the reproductive number can be again expressed as

Ry = 7f.
2.3. The differential susceptibility model

We have shown in Section 2.1 that for the DI model and the SP models, in so far as we assume
a homogeneous susceptible population such that there is one group of susceptible individuals, the
mean number of contacts, the mean transmission probability, and the mean duration of infection
can be defined so that the reproductive number can be always given as the product of these three
means. In this section, we consider a simple differential susceptibility (DS) model in which the
infected population is homogeneous, but the susceptible population is divided into n groups
according to their susceptibilities. The model equations are given by

ds;
s = u(S? = 8i) — A,
” u(sS; —S)
d/ d
Fri ; 2Sk — (+ )1, (2.8)
d4
— =y] — 0A.
dt y
The rate of infection is
7l
;L[:%aia i=1,...,n, (29)

where «; is the susceptibility of susceptible individuals in subgroup i, § the infectious rate of in-
fected individuals, r the average number of contacts per sexually active individual, and
N=>",S+1I.

By the local stability analysis of the infection-free equilibrium, the reproductive number for
model (2.8) with (2.9) can be defined as

rBYoi, %S,
0= 7 v 0"
(L+7) 2 S?
Since there is only one group of infected individuals, the mean duration is = 1/(u+7). The
biological definition of the reproductive number is the number of secondary cases produced when
a primary case is introduced into a totally susceptible population. Hence, the mean susceptibility

of susceptible individuals in all the groups, denoted by &, should be weighted by all susceptible
groups at the infection-free equilibrium. That is,

n 0
573 Do %S

- n 0
> Si

and hence the total mean infectivity is f8 oo pa. With these notations, the reproductive number can
be rewritten as

Ro = f'ﬂ_f.
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2.4. The combined DS and DI models

We showed in Section 2.3 that even if the susceptible population is divided into subgroups,
whereas there is a homogeneous infected population, we can still define the mean infectivity, and
the reproductive number can be given by the compact and intuitive formula. Now if the infected
population is divided into subgroups based on their different infectivities and the average numbers
of contacts of infected individuals in the infected subgroups are distinct, can those means be well
defined and the reproductive number still be the product of those means? We combine the DS and
DI models and derive the formula of the reproductive number as follows.

Divide the susceptible population into # groups according to their susceptibilities and the in-
fected population into m groups based on their infectivities and how ill they are. Then we have the
following system of equations:

ds;

T w(S? —S)) — A4S, i=1,....n,

d_tj:ZijikSk—(H‘*‘Vj)ljv j=L.m, (2.10)
k=1

dA m
E = Z Vka — 04
k=1

where the fractions satisfy Z;.":lpkj =1Lk=1,...,n
The rate of infection is

ril;

)“i = ro ﬁ n m ’
Zl Tr Y St D Tk

J=

(2.11)

where 7 is the mean number of contacts per susceptible individual, r; the average number of
contacts per infected individual in subgroup j, o; the susceptibility of the susceptible individuals in
subgroup i, and f; is the infectiousness of the infected individuals in subgroup j.

By investigating the stability of the infection-free equilibrium, the reproductive number for the
model given by (2.10) and (2.11) can be defined by

z z Py Sir 2.12)
(h+v) 3 8] .

(The detailed proof of formula (2.12) is given in Appendix B.)

The infected individuals in each subgroup are infected from all susceptible subgroups. Their
mean duration of infection needs to be weighed by the fractions and the sizes of susceptibles at the
infection-free equilibrium. Denote the mean duration of infection by 7. Then

fdéf - 1 ZZ:lijS/(g
-1 (n4v) >,

The term r;/(1 + v;) is the number of contacts per infected individual in group j during the
whole duration of infection. Then,
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n

r Sy
k=1 (:u + vj) E;l:l S?

is the average number of contacts per infected individual in subgroup j during the whole infection
period with susceptible individuals that induce the transmission of infection. Summing them over
and dividing by the mean duration of infection gives the mean number of contacts per infected
individual over all infected subgroups per unit of time 7. That is,

der 1 PisSy
r__zz +"/ Z/jlso

The term r;B;/(u+ v;) is the total infectivity per infected individual in subgroup j through all
contacts during the whole infection period. Since transmission of a disease results from the in-
fectivity of infected individuals and the susceptibility of susceptible individuals, the probability of
transmission per contact from an infected individual in subgroup j with all susceptible individuals
during the whole infection period is

"B <~ prouSy
M+ Vi k=1 27:1 S?
Again, summing over all subgroups of infected individuals and dividing by the mean number of
contacts and the mean duration of infection yields the mean probability of transmission

Bd:efl - r/ﬁ ZH: PkJO‘kSO lRo.

—_— 0 —
(e Vi YL S) T
Therefore, the reproductive number can be rewritten as
Ry = 7.

3. The segregated risk DI model

In this section, we consider a segregated risk DI model. We divide the susceptible population
into n groups based on their risk behavior. Then, each risk-based infected population group is
further subdivided into m subgroups. Upon infection, a susceptible individual in the risk-group S;
enters infected subgroup / J’ with probability p; and stay in this subgroup until becoming inactive in
transmission, where >, p; = 1. The rate at which infected individuals are removed from sub-
group ]’ to the group of removed individuals, R, is vi. Again, we assume that individuals in group
R are no longer actively transmitting disease. The model is then defined by the following system:

ds;

dt (Slo S‘)—A[Sl‘, i= 1,...,]’17

=pikSi— (V)L j=1,....m, (3.1)

) _
dr

R n m o
DI NT R

=1 j=1
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where u is the removal rate, including the natural death rate and other rates at which people leave
the investigated population, uS? the recruitment of new susceptible individuals into the population
with risk 7, and ¢ is the death rate of individuals in group R.

The rate of infection for the individuals with risk i, 4;, for proportional mixing, is defined by

Z} lﬁ Zl 1}",11
Zk 17k (Sk + 200 )
where f; is the infectivity of the individuals in the infected subgroup I’ and is assumed to be

mdependent of their risk level.
The reproductive number for model (3.1) with (3.2) can be defined by

Ji = (3.2)

n 2S0 m pjﬂ
R L 3.3
" ZZHWS,;/MLV} (3:3)

(We give a complete derivation of formula (3.3) in Appendix C.)
Note that if the removal rates v; = v, are independent of risk level, then the reproductive
number becomes

b 7 S?
Ry = L/ 3.4
’ ]Z;HJFVJIZI:ZHWS? 34)

The term » 7, p;B,/(1t+v;) is the product of the mean duration of infection and the mean
transmission probability. This Ry in (3.4) involves the second mean of the risk level Y7 2S". As
Diekmann et al. pointed out in [§],

S rAs? variance
= = mean + ———.
Y S mean

Hence, (3.4) is consistent with the results in [8,11,37].

However, if the removal rates are not risk-level independent, it is unclear how to define the
mean duration of infection and the mean transmission probability. Here we provide an alternative
way to make the formula of the reproductive number more intuitive.

Define the mean duration of infectivity for infected individuals with risk level i by

the mean probability of transmission per partner from those infected individuals by
- def 1 & p/ﬁ
ﬁ - Z ‘U, + Vl )

and the reproductive number for the subgroup with risk level i by

def 5 _
ériﬁi’ri.

Then the reproductive number can be rewritten as
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m 0
SR

RO pr— _—
m 010
p D DYRELY

Here, r,S? is the total number of contacts of an individual in the group with risk level i. Then the
reproductive number for the whole population is equal to the mean reproductive numbers of the
risk groups weighted by their risks.

4. A simple age-structured model

We consider a simple SIR model with age structure in this section (see [33]). Denote the dis-
tribution functions of susceptible, infected, and removed individuals by S(¢,a), I(¢,a), and R(¢,a),
respectively, where ¢ is the time and « is the age. We neglect transmission of the virus by group R.
We also neglect migration between populations and assume that the only recruitment into the
population is a constant inflow of susceptible individuals.

Under these assumptions, the dynamics of the population are governed by the following system
of equations and associated boundary conditions:

B+ S M) ~ (ula) + At ),

S(t, ao) = B,

S(0,a) = &(a),

O (@) + 9tanr + i),

I(t,a9) =0, (4.1)
](0, a) = 'P(a)7

OR OR

o + % —d(a)R +y(a)l,

R(t, (10) = 0,

R(0,a) =0,

where u is the attrition rate due to natural death or movement out of the sexually active popu-
lation, A the infection rate, B the number of individuals in the susceptible class at age ao, A the rate
at which individuals flow into the population at ages greater than ay, y the removal rate, J is the
death rate in group R, and @ and ¥ are the initial distributions of the susceptible and infected
populations.

We consider the infection rate that can be represented as

i) = [ plaarntaa) e ad
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with the total sexually active population given by
N(t,a) = S(t,a) + 1(t,a).

Here fi(a,d’) is the probability that an infected partner of age ¢’ will infect a susceptible partner of
age a during their partnership, n(¢,a,a’) the rate of pair formation between individuals of age «a
and individuals of age &', and I/N is the probability that a randomly selected partner is infected.

We assume that the transmission probability is the product of the susceptibility of the sus-
ceptible individual and the infectiousness of the infected individual. They can also both depend on
age. However, in order to keep the analysis of the model tractable, we allow susceptibility to be
age-dependent, but make the somewhat restricting assumption that infectiousness is age-inde-
pendent. Hence, f(a,d’) = f(a).

In order to simplify the analysis, we assume that there are no strong biases at work and partners
are chosen at random, according to their availability. The random partner selection process leads
to a proportionate mixing rate = with the form

V(L)
(t,a,d) f;:r(oc)N(l,oc)doc’

where r(a) is the partner acquisition rate of individuals of age @, or the number of contacts per
individual of age a per unit of time.
Under these assumptions, the infection rate is

a)
At a) / fa N{t.2) docda (4.2)

Using the same technique for showing (2.7), we can define the reproductive number for model
(4.1) with (4.2) as

S r(@) [ Bln)r(n) exp{— [}'(u(er) + (o)) dor}S° () dnda
f;}c r(a)S°(a)da ’

Ry =

By interchanging the order of the integration, R, can also be expressed as

o Juy TS ()B(n) [, r(@) exp{— [ (n(x) + () da}dadn
° INZOS s
Note that exp{— f + 7(s))ds} is the probability that an individual who is infected at age 7 is

still in the infected populatlon at age a. Then, r(a)exp{— f y(s))ds} is the number of
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contacts from partners who are infected at age » and survive to age «, and the total contacts
inducing transmission from all surviving infected individuals of all ages a > 5 is

[ rwesn{ < [T+t ds fau

Again, since exp{— [ ;'(,u(s) + 7(s))ds} is the probability of infected individuals who are infected at
age 1 and survive to age u, the mean duration of infections of the cohort of age 5 can be expressed as

o | Tew{ - / (9 + 7(5)ds .

Then the mean contact rate of the cohort of age 1 can be defined by

)= ?1’7) /noc r(u) GXp{ — /nu(u(s) + y(s))ds}du.

Define the reproductive number of the cohort of age # by

Ro(n) = #(m)B(n)7(n).

Then the reproductive number for the total population is the infinite sum of the reproductive
numbers of all cohorts weighted by the fractions of the total contacts of the cohorts at the infection-
free equilibrium, where the reproductive number or the initial transmission is determined; that is,

[ r)S(n)
Ro = / = ra)S(@)da ) 97

5. Discussion

The reproductive number R, is one of the most important concepts in epidemiological theory. It
characterizes the threshold behavior such that if Ry < 1, the modeled disease will die out if a small
number of infected individuals are introduced into a susceptible population, and if Ry > 1, the
disease will spread in the population. A good estimate of the reproductive number can provide
significant insight into the transmission dynamics of the disease and can lead to effective strategies
to control and eventually eradicate the disease.

Formulas (1.1) and (1.2) are useful estimates. They have been applied to various models for
different purposes and, in particular, have been widely used in biology and the medical com-
munity. Their contributions are significant. For example, sensitive studies of those estimates on
different parameters have been used to investigate the effects of changes in sexual behavior on the
transmission dynamics of STDs such as HIV [7,31,38]. It was shown in [31] that, in a preferred
mixing, single-sex model, reductions in the frequency of partner change by low-activity people can
increase the long-term prevalence of HIV/AIDS in populations that would have low steady-state
prevalence given current activity levels. Such findings can be used to plan educational campaigns.
Formulas for R, can also be used to establish effective vaccination programs [2,13-16,22]. Effects
of different vaccination programs on R, are useful in setting the programs.
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For simple homogeneous models, it is easy to estimate the mean duration, mean number of
contacts, and transmission probability so that formulas (1.1) and (1.2) can be applied. As shown
in Section 2, it seems that if there is no risk structure involved in the model, no moments higher
than the first will be needed in the formula for the reproductive number. More specifically, if the
susceptible population is not divided into risk groups, the reproductive number is always based on
the first moments. Hence, it should be possible to define the mean number of contacts, the mean
duration of infection, and the mean transmission probability in appropriate ways and then R, can
be estimated with an intuitive formula. Even if there are subgroups in the infected population with
different contact rates, this still seems true. That is, the heterogeneity of the infected population
may not be as crucial as that of the susceptible population. This observation can be explained as
follows. From the biological point of view, the reproductive number characterizes the situation
where a small number of infected individuals are first introduced into an entirely susceptible
population. Hence, the heterogeneous structure of the infected population will not play a critical
role in the transmission dynamics, at least at the early stage of the transmission. From the
mathematical modeling perspective, R, is determined by the stability of the infection-free equi-
librium for which the components of infected individuals are 0. Therefore, the heterogeneity of the
infected individuals is negligible.

On the other hand, if there is heterogeneous structure in the susceptible population concerned,
this heterogeneity cannot be neglected. If an explicit formula of Ry can be obtained, higher mo-
ments will be naturally involved, and it may be necessary to include the variance or deviation.
That is, for different models, although those means may be defined in the same way, their het-
erogeneous difference may cause significant deviation about the means and then may lead to very
different transmission dynamics.

Ideally, appropriate definitions of the means and their variances for the total population can be
defined. However, as shown in Sections 3 and 4, if more heterogeneous structures are included in
the model, it may not be possible to define those means in practice. More importantly, the devi-
ations from the means have to be taken into consideration. Then it will be more reasonable and
practical to define the reproductive number for each structured subgroup or cohort and then use the
average of these reproductive numbers weighted by their heterogeneity to estimate the reproductive
number for the total population. Heathcote and Yorke [23] and Jacquez et al. [28,29] introduced
this idea for risk-group models. Our studies in Sections 3 and 4 support and generalize this idea.

Finally, it is worthwhile to point out from the study of the DS model in Section 2.3 that, al-
though there seems to be heterogeneous structure in the susceptible population for the DS model,
since the infection transmission has to be through contacts with infected individuals, and there is
only one infected group, higher moments do not appear in this particular situation.
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Appendix A. Derivation of formula (2.7)
Let x =S — S° and y = I. Then

o [ Bty LY
=) [ R e [ st

and the linearization of (2.5) about the infection-free equilibrium is given by

G = [ prnde

% %: —(+ (), (A1)

(t,0) = /000 Bu)r(u)y(t, u) du.

Substituting x = x(0)e” and y = k(u)e” into (A.1) yields the following system of equations:

(o 10x(0) = = [ Bladrluk(u)da (A2)
& ot n W) (A3)
K(0) = /0 " B (uk(u) . (A4)

Solving Eq. (A.3) for k(u) and employing the initial condition (A.4) leads to the following
characteristic equation:

[ prtee { = [0 e penaohan =1 (A5)

Then, it is easy to see if Ry < 1, all roots p of (A.5) have negative real part, and if Ry > 1, there
exists at least one positive root p of (A.5).

Appendix B. Derivation of formula (2.12)

The Jacobian at an equilibrium has the form

(5 »)

where M = diag(—p,...,—u) and
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, 37 oy , o2
—01 + Ekzlpklska_k Zk 1kaSk ce Zk:1pk1SkaTk
1

Ok 6 Ak azk

D= Y iy PioSk = ol _62+Zk:1pk2Sk6—12 Y i1 PeS ka]
n a/lk n ' aik ' G)uk

mS ~r — mS ~r e —OUm mS
Ek:lpk k o, D it PinSk A Om + Zk 1 Pk k@lm

Set O, = 1/N°>"0_ puSPou, i =1,...,m, with N® =37 | S°. Then D has the form of

-0, +r01p 01 B, Q1B
D Qs —0y + 1Oy - "mQap,,
rlQmﬁl FZQmﬁz o .' —Op + ermﬁm

Consider —D and let V%< (1/01, ..,1/a,). Then

DV = (1 - Zm: %)E

i=1 !

where E is the vector each of whose elements is one. Let Ry= > ., 70,f;/0;. Then, from
M-matrix theory, all eigenvalues of D have negative real part if Ry < 1 which leads to the local
stability of the infection-free equilibrium. On the other hand, by mathematical induction, it can be

shown that the determinant of D is given by

detD = (—1)""' ﬁo—i(Ro —1).

Hence, if Ry > 1, D has at least one positive eigenvalue. Therefore, the reproductive number for

the model (2.10) can be defined as

pkzOCkS’”z
Ro = NO; —~  putwv

Appendix C. Derivation of formula (3.3)

The Jacobian matrix at the infection-free equilibrium
L =0,...,1'=0,...,1t=0,...,I" =0) has the following form:

' Tm

(% é>’

where M = diag(—p,...,—u) and

(S =5°,...

7Sn :Sgalll :Oa
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By B By,
B By B.zz By, 7
Bnl BnZ Brm
with
di(ripy— &)  dirip, o arip,,
def ayri as(rify, — &) - asriPy,
B = ’
Cli,,”iﬁl ai,,”iﬁz ain(rfﬂm - éin)
and
ayripy - dirp,
def . . . . .
B;= : . : , IF ]
a iy o a,rip,

Here, we write

et p]VzS and f’ def,lH‘V .
Zk | 1%SY a

The stability of the Jacobian matrix at the infection-free equilibrium is completely determined
by the stability of B. Note that all off-diagonal elements of B are positive. We consider —B and
take

1 1 1 1\’
V(j:ef —1’ o« o 7_17 o« oo ’_n, PR 7_}7 .
1 fm é1 ém

Since
—BV = (1 >y r"—/Z’)E
= = <
where
Edéf(a%,...,aiz,...,a’l’,...,a:’n)T,
if we define

dof o Vkﬁ; . j
RO—ZZ él 2211r1S02M+V17

k=1 I=1 i=1

then it follows from M-matrix theory that B is stable if Ry < 1.
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On the other hand, by mathematical induction, it can be shown that the determinant of B is

nm d u I"ﬁl
detB = (—1 HHan ngkﬁ ;Z:"

- [ ] <u+ v;’.>(1 ~ Ro).

=1 j=1

Hence, if Ry > 1, matrix B has at least one positive eigenvalue. Therefore, the infection-free
equilibrium is unstable.
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